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Goal: Parity-breaking (odd viscosity) is common to many systems and
leads to a general type of observable phenomena
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Parity Bomeyp&ir ngcheso

Ubi qui tous across all scal esé
Some possible methods of study:

Odd ideal gassédscollisions of chiral particles,
kinetic theory [5]

Odd elasticityi stress/strains in chiral crystals [6]

Odd fluids - odd viscosity [7]
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Parity Breaking in Plasmas

A If Larmor radius is smaller than plasma length séal&yro Viscosity

Note: Units o~ are0 1Y

A Split into two terms, perpendicular éefield and parallel t@ -field [8]
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A Dissipationless, forces always perpendicular to flow and appears in real part of dispersion

[8] Kono, M., and J. Vranjes . "Gyro -viscosity and linear dispersion relations in pair -ion magnetized plasmas."

Physics of Plasmas 22.11 (2015).




Active matter

A Collection of agents that convert environment energy into directed mechanical motion

bacteria, cells, liquid crystals, Janus particles, active collosggnnyp ar t i cl e s é
A Fluid descriptionA properties of active matter captured by viscosity coefficients
A Studied extensively in 2D, less so in 3D
A Markovich & Lubensky2021 [9]:

- Coarsegrain collection of complex molecules

- Introduce intrinsic angular momentum dengiby

- Gives paritybroken viscosity in both 2D and 3D
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[9] Markovich, T., & Lubensky, T. C. (2021). Odd viscosity in active matter: microscopic origin and 3d effects. Physical Review
Letters, 127(4), 048001.



Possible microscopic descriptions

3D odd viscosity can arise from relaxation Jf

gi(r) =Y pito (x — )
ap

which gives ficoarse grainedG®c

1
g(r) =g+ 5V x£
If JHs relaxed, then momentum conservation gives:

N 1
gi +V; (vigi) = —=ViP +nVu; + 5 Ve

with P=P4+0 w

Note:

- Same form agerrofluid (later)
- 3D odd viscosity is stemming from
angular momentum; common to most |

cases, including gyro viscosity

[9] Markovich, T., & Lubensky, T. C. (2021). Odd viscosity in active matter: microscopic origin and 3d

effects. Physical Review Letters, 127(4), 048001.



Hydrodynamics

e O . Opnb:
Study of global conserved quantities — T Mass
momentum
Gives rise to local conservation laws for densgity TN Tt T energy
entropy
Fluxt (nho MB) given by constitutive relation angularémomentum
We focus on mass and momentum:
r” 1Q m Q U " mass density
v flow velocity
T'Q 71 T l "ou Y "Q momentum densit
L momentum flux

Ignore any thermal effects, so energy conservation comes automatically



Hydrodynamics

Governing equations typically written:

with material derivativéD T vt

T 1 (Cuv) m

"Ou 1Y "Q

In first order hydrdY is first order in gradients of velocity: Y 10 -

Viscosity tensor

is in general a function ¢f andip

Simplifications: - If compressible: 0 0 w(

- If incompressible: TL T
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Viscosity Tensor in 2D

A In 2D compressible fluid a general viscosity tensor has 16 independent components

A For isotropic 2D fluids symmetry leaves only 6 unique transport coefficients [10]

-( 1 11 T1 ) 47 3 T -G 1 fT1 ) -1 37 1

Shear Bulk Rotational Odd/Hall Odd pressure Odd torque

A In the incompressible limit, and no internal torgi¥ gymmetric undeiQ Q

- =41 117 ) =G 1) =17 ro m 1 ©

A To be written as a Hamiltonian system, onalyremains (with constarit)

[10] Monteiro, G.M.,Abanov, A.G., & Ganeshan, S. (2021). Hamiltonian structure of 2D fluid dynamics with broken parity SciPost Physics.



Basic Results in 2D

Odd viscosity has no effect on incompressible bulk:
ob tO 1T, R , Q0 1T0) (0o 170)
ov 1O 'm0, O 0O 7

Thus, if boundary conditions depend only on flow:

A Flow does not depend on
A Net force on closed contour is independerit of

A Net torque depends on change in area

Q0

LI ov

Odd viscosity does not produce any drag or lift forces in the incompressible case

[11] Ganeshan, Sriram, and Alexander GAbanov. "Odd viscosity in two-dimensional incompressible fluids.” Physical review fluids2.9 (2017): 094101.



Results in 2D

A For a compressible ocean (free surface), effects of odd gy e
viscosity or confined to compressible boundary layer [12  « \

Irrotational incompressible
bulk

A In the nonlinear regime, odd viscosity modifies Kb/

equation and soliton solutions [13] 1 8~y

nint+3nn+h2 1y ¥ Nyze =0
x /—gh o7, e 6 /—gh?’ TTT

A If particle number conservation is violated, lift is possible [14]

1 (@)
Ocp + Ox(pur) = ——(p = po)
Y
A Current project: Odd compressible Oseen equation —_—
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[12] Abanov , Alexander G., et al. "Hydrodynamics of two -dimensional compressible fluid with broken parity: variational
principle and free surface dynamics in the absence of dissipation." Physical Review Fluids 5.10 (2020): 104802.
[13] Monteiro, Gustavo M., and Sriram Ganeshan. "Nonlinear shallow water dynamics with odd viscosity." Physical Review

Fluids 6.9 (2021): L092401.
[14] Lier, Ruben, et al. "Lift force in odd compressible fluids." Physical Review E  108.2 (2023): L023101.



Viscosity Tensor in 3D

A In 3D, a general viscosity tenser has 81 independent components (compressible case)

A For rotational invariance in a single plased 19 independent coefficients [15]

h n" : 0 0 0 0 N1 +Mng1 Moz +nf2
R e o e o
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0 0 na— N4 3¢ 0 0 ng+ng 0 0
0 0 0 0 @ 0 0 0 . .
0 0 0 0 0 0 0 — 3D odd viscosity
e — 20 € __ no 8 . .
o o, Tesas TR 0 ' (longitudinal)
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A Importantly, thereexi®6odd vi scosityd coefficients

A Underlying microscopic theory determines the precise relation between coefficients

[15] Khain, T., Scheibner, C., Fruchart, M., & Vitelli, V. (2022). Stokes flows in three-dimensional fluids with odd and parity-violating
viscosities. Journal of Fluid Mechanics, 934, A23.



Results in 3D

A Bulk flow is modified (Stokeslet) [15]

¥y=0 =] Y = 00
D o0 (@
' — , with — C—
ANovel noddo mechanical waves are stable [ 9]
AStill active area od cenesetr ah-sotfopiceek dnddrstoodh o a h 1

[9] Markovich, T., & Lubensky, T. C. (2021). Odd viscosity in active matter: microscopic origin and 3d effects. Physical
Review Letters, 127(4), 048001.

[15] Khain, T., Scheibner, C., Fruchart, M., & Vitelli, V. (2022). Stokes flows in three-dimensional fluids with odd and
parity-violating viscosities. Journal of Fluid Mechanics, 934, A23.



3D Odd Viscosity In Plasmas

Role of gyro viscosity depends on relevant scaling (ordering) of the problem 0

A
3
=L

Y EI,JAOI2IARAEOO
0 I AT QPET A

A Hall MHD Ordering (large accelerations): gyro viscosity enters with pressuféat2r

A MHD Ordering (subsonic flows): gyro viscosity enters alone"&bler
A Drift Ordering: gyro viscosity enters atarder WITH acceleration and viscosity

%4— V. H?v-F b-V. H?C—nyszV,-J-

—Vp+J><B=52(n

Ve :VHe -|—VE -|-V>z<e

L+ V- VV*,-J +V -TI8Y(V;) = Vy =bn Vs - VI

gyroviscousancellation:
n(&V*i

x=-pb (VxV})
[16] Ordered Fluid Equations D. D. Schnack



Magnetic Colloids to Ferrofluids

Magnetic colloids [17]:

A These relatively large (~0) particles show odd viscosity experimentally

A For small particles like Ferrofluids € § t hese effect s 0
FERROHYDRODYNAMICS
Seem to possess all essential ingredients for parity breaking
Is there a version of Ferrofluids that breaks parity?
[18]
[17] Soni, V., Bililign , E.S., Magkiriadou , S. etal. The odd free surface flows of a colloidal chiral fluid. Nat. Phys. 15, 118871 1194 (2019).
[18] Cowley, M. D." Ferrohydrodynamics .By R. E. ROSENSWEIG. Cambridge University Press, 1985. 344 Pp. £45." Journal of Fluid

Mechanics 200 (1989): 597 -99. Print.



Ferrofluids in a nutshell

.
&
S

magnetic particle

Colloidal suspension with 3 components
A 5% Magnetized particles (magnetite, hematite, ~10 nmsmtant
A 10% Surfactant (prevents clumping via Van der Waals)
A 85% Carrier fluid

Regular fluid if no externa field: Brownian Motion randomizes magnetic moments

[19]

Large scale magnetization in the presence of extern#l field

$137

[19] Ghasemi , Jalal & Jafarmadar , Samad & Nazari, Meysam . (2015). Effect of magnetic nanoparticles on the arXiv:2301.07096
lightning impulse breakdown voltage of transformer oil. Journal of Magnetism and Magnetic Materials. 389. ) )
10.1016/j.jmmm.2015.04.045.



Ferrohydrodynamics

Deqgrees of Freedom

Fluid flow velocity:
Particle rotation rate:

Magnetization:

Pressure:

Fixed Quantities

Applied magnetic field:
Density:

Moment of inertia per mass:

B (V)
m  (m fm fm)
00 (0 O )
0 O
6 (6 M)
" DE &8 O

0 wé &small!)

arXiv:2301.07096



Main ldea S

Recently:
A Markovich & Lubenskycouple/b ‘@ to]” 1T @

A leads to 3D odd viscosity in active matter systems [9]

A Relevant for magnetic colloids & large complex molecules

A Ferrofluid particles aretoosmatl hese effects donot

hydrodynamic scale [17]

5

11 4

- / °
Couple magnetization to]” %

[9] T. Markovich and T. C. Lubensky . Odd Viscosity in Active Matter: Microscopic Origin and 3D

Effects. Physical Review Letters, 127, 048001 (2021).

[17] V. Soni, E. S. Bililign, S. Magkiriadou, S. Sacanna, D. Bartolo , M. J. Shelley, and W. T. Irvine. e

The odd free surface flows of a colloidal chiral fluid. Nature Physics, 15, 1188 11194 (2019). arXiv:2301.07096
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Ferrofluid Hamiltonian S

1 1 1
H = /d37“ 0 + ==Lils + =liw; + ~wiM; — M;B, —
2 o7 ) ) 5

p for simplicity

— —

Jb "@is angular momentum density (per particle)

[ coupling constant
Markovich & Lubensky

New coupling

:

arXiv:2301.07096

1 1 1
R = /dgfr[ir/ (Oiv; + 83-1)@-)2 + §I‘ (292; — eijkﬁjvk)2+ > (]\4Z _ Mio)z}
Useappropriatd?oissorBracketsanddissipationfunction
A deriveferrohydroequations

Note D o nn@ddHamiltonianframework,but convenienfor parity breaking(dissipationless)



Governing Equations =

Skip technical detail ség

Key PhysicalSteps

A Fix uniform & field in the & direction i

A Smallparticlesize('Qyoesto zero)

A particlesrotatebeforemagnetizatiome-adjusts

(contrasto largermagneticcolloids) |

O3

D,v; + 0;P = vV?v; + %Moazwi

T

Unique to 3D flows! No term in standafelrohydrodynamics

arXiv:2301.07096



Ferrofluids in HeleShaw Cells

. . . . . . _ [20]
New coupling(ModifiedD a r d.gwj: s N Ta-b b experimento probeparity-oddfluid
[20] Elborai, S. & Kim, Do Kyung & He, Xiaowei & Lee, Se -Hee & Rhodes, S. & Zahn, Markus. (2005). Self -forming, quasi -two -
dimensional, magnetic  -fluid patterns with applied in -plane -rotating and dc  -axial magnetic fields. Journal of Applied Physics. 97

10Q303 -10Q303. 10.1063/1.1851453. arXiv:2301.07096



